Aligned mats of poly(lactic acid) (PLA) nanofibers containing nano-sized hydroxyapatite filler have been obtained via electrospinning onto a rotating mandrel.Their structure and morphology have been characterized as a function of the production parameters, by SEM, DSC, DMA and WAXS, with emphasis in the effects of the take-up velocity. SEM, DSC and X-ray diffraction studies confirmed a reduction in fiber diameter, an increase of fiber orientation and a highly crystalline structure of the mats collected at higher speed due to the stretching produced during the process. Double melting behavior was observed, suggesting the presence of two crystalline forms. Moreover the higher storage modulus (E´ modulus), and glass transition temperatures of the higher speed collected mats was correlated with an enhanced in the thermal stability and nanofiller distribution.
Introduction
Aliphatic polyesters as poly(lactic acid) (PLA), poly(glycolides) (PGA) and poly(ε-caprolactone) (PCL) have attracted wide attention for their biodegradability and biocompatibility in the human body. In order to obtain new biomaterials with enhanced properties, there is a trend towards the introduction of organic and inorganic nanofillers into biodegradable polymers to produce materials containing hydroxyapatite, metal nanoparticles or carbon nanotubes [1] .
Electrospinning is a straightforward technique to produce non-woven micro or nanofibrous mats, based on the application of high voltage to a polymeric solution, in order to create an electrically charged jet randomly collected onto a grounded target [2] . The current interest on nano and micro fibers has produced a particular relevance for developing this process. This technique has been recognized as an efficient, simple and versatile method for the fabrication of ultrathin fibers with diameters between 50-500nm and
Experimental

Materials
Biodegradable Poly(lactic acid) was supply by NatureWorks® (USA) under the trade name PLA3051D, with 3% of D-lactic acid monomer. Its molecular weight (Mn) was ca.142x10 4 g/mol, and its density was 1.24 g/cm 3 . Dichloromethane (DCM) and N-N dimethylformamide (DMF) from Sigma Aldrich were used as solvents. Hydroxyapatite nano filler (HA) was a non-commercial grade synthesized by chemical precipitation method employing calcium and phosphorus precursors in solutions and 30g/L concentration of commercial gelatine (Dr Otker). To avoid the formation of hydroxyapatite aggregates in the polymer solution, sodium dodecyl sulphate was used as an anionic surfactant.
Synthesis of hydroxyapatite
For the nanosized hydroxyapatite synthesis, the gelatin was dissolved in 250 mL of deionized water at 40ºC, calcium hydroxide (Ca(OH)2) (2.0 mol/L) was then added to this solution and the mixture was appended drop by drop to 250 mL of an aqueous suspension of ortho-phosphoric acid (H3PO4, 85%) (1.2 mol/L) in order to obtain a stoichiometric hydroxyapatite with a ratio of calcium (Ca) and phosphorous (P) moles of 1.67 (Ca/P). Ammonium hydroxide was added to obtain a final pH of 10. The precipitate was left to age for 24 h. The resulting particle size and surface area measuring by BET (Brunauer, Emmett and Teller) were 35.74 nm and 54.2038 m 2 /g respectively, and crystallite size measured by WAXD was 47.98.
Preparation of electrospun nanofibers
Non-woven and aligned PLA/HA nanofibers were prepared by electrospinning method. In our case, we worked with a standard horizontal electrospinning setup with a rotating mandrel as a collector, connected directly to a high voltage power supply, and a syringe infusion pump. Viscous polymer solutions with a concentration of 7%wt were prepared by dissolving PLA3051D in dichloromethane:N,N-dimethylformamide (70:30). Different contents of nano-hydroxyapatite (HA) were added to the polymer solutions and thoroughly mixed by sonication. Each solution was loaded into the syringe and an electrode was clipped onto the needle. The whole apparatus was enclosed with a methacrylate cover in order to reduce the effect of air currents on the trajectory of the electrospun jet. All air bubbles were purged prior to electrospinning and the solutions were electrospun at 14kV and a flow rate of 0.6 ml h -1
. The ground mandrel was at a distance of 13 cm from the charged capillary tip and electrospun mats were collected at two different take-up velocities; randomly oriented fibers were produced on a stationary shaft (low collecting rate fibers; LCR), whereas highly oriented fibers were produced when rotation speed was increased around 1100 rpm (high collecting rate fibers; HCR). Series of samples were made from pure polymer and different weight ratios polymer/HA (9:1, 5:1 and 3:1) and all of them were obtained from 10mL of solution.
Characterization techniques
The morphology of the electrospun fibers was examined using scanning and transmission electron microscopy (SEM, JEOL JSM6030 and TEM, PHILIPS CM10). Samples were gold-coated to minimize the charging effect during SEM observation, an accelerating voltage of 10 kV and a working distance of 10-15 mm were used for viewing the samples. For TEM, a few fibers were collected on carbon covered mesh copper grids and observed at 100kV. SEM images at x5000 magnifications and the ImageJ software The thermal gravimetric analysis (TGA) was conducted on a TA Instrument Q50 under N2 flow from 25
to 650 ºC at 10 ºC/min. Dynamic mechanical analysis (DMA) was carried out on a Mettler-Toledo DMA/SDT A 861 at the frequency of 1 Hz and at the heating rate of 10ºC/min from 30 to 130 ºC at which the sample lost its dimensional stability.
The crystalline structure of the samples was monitored by wide-angle X-ray diffraction (WAXS, RX Siemens D5000) with a Cu Kα source. The scanning range was 2º-40º, step-size and count time per step were 0.02º and 8 seconds respectively. The crystalline structure of the samples was monitored by wideangle X-ray scattering (WAXS; RX Siemens D5000) with a Cu Kα source. The scanning range was 2º-40º, step-size and count time per step were 0.02º and 8 seconds, respectively. The percentages of crystallinity were calculated by a fitting process using a deconvolution method of the peaks. A peak fitting program (PeakFit; www.systat.com) was used. In all cases, samples were cut from the middle regions of electrospun mats, with a thickness about 80-150µm. Figure 1 shows SEM images of the microstructure of pure PLA and PLA/HA nanofibers mats produced on a stationary shaft (LCR) and at rotation speed nearly 1100 rpm (HCR) with neat polymer and different polymer/HA weight ratios: 9:1, 5:1 and 3:1. It is possible to note that through optimized solvent system and electrospinning parameters, uniform PLA and PLA/HA fibers mats with a random or more directional distribution were obtained. The surface of PLA/HA nanofibers was much coarser than the neat PLA fibers due to the dispersion of HA particles. Agglomerates gradually appeared on the fiber surface along with increase of the nano-hydroxyapatite concentration and the deformation of the fiber. For the same electrospinning conditions and the stationary collector, the neat PLA fiber average diameter was nearly to 400nm, as shown in Table 1 . Increasing collector rotating speed to 1100 rpm, the neat PLA fiber diameter was reduced by nearly 20%. For all mats, the fiber average diameter collected at higher speed was smaller than those of collected at lower speed. Likewise, the fiber diameter increased with filler content. It was found that the dynamic fluctuations of Taylor cone, electric field strength and charge density are the main important process variation factors which determine the resulting fiber diameter distributions [35] [36] [37] . According to the related literature, most obtained electrospinning mats with diameters in the nanometer range, showed Gaussian even Bimodal diameter distributions with standard deviations between 20-60% [36, [38] [39] depending on the material and processing conditions. In this regard, the standard deviation values showed in Table 1 were within the normal range due to the instabilities in the jet during the electrospinning process. Figure 2 shows the frequency distribution of the fiber orientation angle based on SEM images. When the speed increased to 1100 rpm, the fiber angle decreased and the amount of fiber in the same direction increased to approach to collector rotating direction, which implied that nanofiber orientation was improved. So the alignment degree of the electrospun nanofibers was increased with higher rotation speed of the collector.
Results and Discussion
. Nanofibers morphology
Furthermore, the morphology of the hydroxyapatite embedded in the nanofibers was analyzed using TEM. As shown in the Figure 3 , HA nanoparticles were dispersed in the matrix of PLA for low and high collecting rates. The fiber collected with the highest speed, seems to have low amount of aggregates for the same content of filler. In this regard, the smaller diameter, smoother surface and lower deformation of the fiber can be observed specially in the 3:1 sample collected at high speed, probably due to the high stretching force over the electrospinning jet induced by the faster rotation of the collector, which avoids the formation of the agglomerates and improves the dispersion of the filler inside the fiber.
Thermal and crystalline behaviour nanofibers
The thermal behavior of PLA/HA nanofibers mats was characterized by means of DSC and the data were summarized in Table 2 . Figure 4 shows thermograms obtained from 1 st heating run curves of pure PLA and PLA/HA (3:1) mats at high and low collecting rates (HCR and LCR). This heating run is characterized by a change in the heat capacity of the mats associated with the glass transition of PLA (between 55-60ºC), followed by an exothermic peak resulting from a partial crystallization of the material, attributed to the re-arrange in amorphous molecular chains into a more ordered crystalline phase. The observed Tg for the casting PLA was 54.79ºC and it showed a single melting peak at 152.31ºC. As can be seen, DSC curves of mats collected at high and low rates, experiment the glass transition and cold crystallization process.
e After the rapid crystallization process, two well differentiate melting peaks (at about 150-166 ºC and 195ºC respectively) appear only for PLA/HA samples collected at higher speeds, instead of the typical single melting peak that occurs on stationary mats. These melting peaks are separated by several degrees (28ºC for the PLA/HA (3:1) mat, and about 44ºC for the rest of mats). The double melting phenomenon is generally ascribed to several factors as reorganization processes of imperfect crystals leading to meltrecrystallization that occurs during the DSC heating scan, and that may result from different crystal morphologies formed during electrospinning [40] [41] [42] .
Poly(lactic acid) can exhibit up to three possible crystal modifications (α,β and γ), depending upon the crystallization conditions [43] . The crystal structure of α and β forms have been widely investigated by several research groups, the first one was studied by De Santis and Kovacs [44] while the second one was reported by Eling [45] . Hoogsteen [46] , who found that the β structure melts at temperature about 10º
below the melting temperature of the α structure. From this observation they concluded that the PLA β structure is some-what less stable than the α structure. In our case, the LCR and HCR electrospinning mats conserved the single melting peak that occurs in the casting PLA, but the second melting peak developed in the high collecting mats occurs about 40ºC above the first, that is, it has a higher thermal stability than the first one. So, the double melting peak phenomenon can be attributed here to the cold crystallization during the heating scan probably due to orientated crystals formed at a higher collection speed. As can be seen in Table 2 a faster speed of the rotating collector not only produced two melting peaks in DSC results, but also a slightly increase in the degree of crystallinity comparing the results of LCR with HCR mats. correspond to the hexagonal crystal system and are identified according to ICDD (International Centre for Diffraction Data) standard (PDF Card no. 9-432) [33, 47] . These peaks appears for all PLA/HA mats around 2θ=25º, revealing the presence of the filler as can be previously seen in SEM images (Fig.1) . The peaks intensity increases with the filler concentration. Figure 5b) shows the diffraction patterns of low and high collecting rates for neat PLA mats, which exhibited notable differences in the crystalline peaks between them. LCR diffraction pattern exhibited six diffraction peaks with different intensities; two strong at 2θ = 17.1º and 21.4º, and four weaker peaks at 2θ = 8.5º, 22.6º, 23º and 28º. The HCR diffraction pattern shows at least eight peaks; three strong at 2θ
=4.57º, 6.83º and 21.4º and five weaker at 2θ = 14.9º, 16.8º, 20.6º, 22.8º and 23.8º. Figure 6 shows the resulting WAXS pattern for neat PLA mat after the fitting process. [48] . In the scientific literature regarding 
